Epithelium of the inner ear in the gerbil and mouse was examined immunocytochemically for presence of creatine kinase (CK). Marginal cells of the cochlear stria vascularis and dark cells and transitional cells of the vestibular system were found to contain an abundance of the MM isozyme (MM-CK). CK in these cells concurs with that which is coupled to Na,K-ATPase in other cells and is considered to supply Al'P for the Na,K-ATPase that mediates the high KCl of endolymph. Inner hair cells revealed content of the BB isozyme and in this respect resembled the energy-transducing
Introduction
The MiMi isozyme of creatine kinase (CK) transfers high-energy phosphate from ATP to creatine in mitochondria. Conversely, the MM, BB, and MB isozymes of CK regenerate ATP from creatine phosphate at cytological loci where an ATPase effects utilization of the energy for bioactivity (Bessman and Carpenter, 1985; Tumer et al., 1973) . Thus, CK in skeletal muscle supplies ATP which myosin ATPase hydrolyzes to release energy for actomyosin contraction. CK in muscle serves in conjunction also with ATPases that provide energy for ion transport. For example, CK fuels a Ca-ATPase that energizes Ca++ transport across sarcolemma (Levitsky et al., 1978; Jacobus and Baskin, 1974 ; Baskin and Deamer, 1970) , and 5% of the energy utilization in muscle goes to ion transport mediated by a ouabain-sensitive Na,K-ATPase coupled to CK (Saks et al., 1977) . CK has been shown to contribute also to supplying ATP levels requisite to energy transduction in the retina (Walliman et al., 1986) .
Function in the inner ear depends on ion transport by the cochlear stria vascularis and the vestibular dark cells which maintain a uniquely high KCI concentration in cochlear and vestibular endolymph (Salt and Thalmann, 1988) . The high KCl content of endolymph and the accompanying potential difference across the epithelium underlie the mechanism whereby inner hair cells transduce the energy of mechanical vibrations to nerve impulses. The pres-' Supported by National Institutes of Health Grants P50 DC00422 and R01 DC00713.
Correspondence to: Dr. Samuel S. Spicer ent investigation undertook localization of CK to assess the question ofwhether this enzyme could play a part in providing the energy source requisite to the unusual ion transport and transduction activities in the inner ear. The results provide affirmative evidence for these considerations, showing MM-CK in the ion-transporting strial marginal cells and dark cells and BB-CK in the energytransducing inner hair cells. An additional finding concems demonstration of high levels of CK in the cochlea's inner and outer phalangeal cells.
Materials and Methods
Six Mongolian gerbils and four C57BL16J mice ranging from 3-4 months of age were examined. The gerbils were raised in a quiet room, and similaraged animals from the same environment have consistently evidenced n o d hearing, as indicated by evoked potentials of the brainstem and auditory nerve Schmiedt et al., 1990) . The mice were fmt-generation offspring of animals obtained from Jackson Laboratories (Bar Harbor, ME) and were held under quiet conditions. For cytochemistry the animals were perfused under urethane anesthesia via a cardiac catheter with 5-10 ml of normal saline containing 0.1% NaN02 and then with 30-50 ml of fixative fluid at room temperature. The bullae were then opened, the stapes was removed, the round window was perforated, and 0.5 ml of fixative was gently injected via the oval window. The inner ear was removed and immersed in furative an additional 30 min for formalin or 2-20 hr for Carnoy fixation. The inner ears were fixed with each of the following solutions: (a) 10% formalin in saline containing 0.5 % zinc dichromate adjusted to pH 5.0 with NaOH (Adams and Mugnaini, 1987) ; (b) 4% freshly depolymerized paraformaldehyde in 0.12 M phosphate buffer (pH 7.3); and (c) a mixture of 60% absolute ethanol, 30% chloroform, and 10% glacial acetic acid (Camoy's solution).
The fixed inner ears were immersed in 0.12 M E M A (pH 7.0) with gentle stirring for at least 48 hr at room temperature. The EDTA solution was changed daily. One ear of a few animals was decalcified instead by 18-hr exposure to 4 N formic acid. All tissues were subsequently dehydrated through a graded series of alcohols, cleared in xylene. and embedded in paraffin.
In addition, a number or organs including lung, stomach, urinary bladder, eye, and skeletal muscle were taken from the perfused mice to mluate the specificity of the antisera. These tissues were fixed by immersion for an additional 30 min (formalin) or 3 hr (Carnoy) before dehydration and paraffin embedment.
Immunolocalization of CK was undertaken employing polyclonal primary antisera obtained from three commercial sources. These included a rabbit serum (Vcntrex Labs; Portland, ME) against MM-CK from human muscle plus a rabbit serum against MM-CK of dog muscle (Research Plus;
Bayonne. NJ). In addition, two sera against BB-CK for human brain were used. including a rabbit serum (Ventra Labs) and a goat serum (International Enzymes; Fall Brooke. CA).
Paraffin sections were stained with an immunoenzyme bridge method (Mason et al., 1969) or the avidin-biotin complex procedure ( Hsu and Raine, 1981) . Staining entailed initial application to the section of the appropriately diluted primary antiserum. Antisera to BB-CK were employed at dilutions of 1:800-1:3000 and sera against MM-CK were used at a 1:500-1:800 dilution. Subsequent steps linking the peroxidase label to the antigenic site through antigen-antibody reactions or avidin-biotin complexing were completed as prcviously described (Spiccr et al., 1987;  and manuscript submitted for publication). Sites of binding of primary antiserum were then visualized by incubation in the diaminobenzidine substrate solution for horseradish peroxidase.
Cytochemical controls entailed replacing the primary antiserum with non-immune serum at a dilution of 1:500-1:1000 or omission of the primary antiserum in the immunostaining protocol.
For morphological examination, e m were processed as already described except that 2% glutaraldehyde in phosphate buffer was substituted as the fixative and the specimens were embedded in Epon. Epoxy thick sections were stained with toluidine blue.
Results

Creatine Kinase MM
Cells of the stria vascularis in the murine cochlea stained strongly for MM-CK ( Figure 1 ). Staining was observed in profiles of all the cochlear rums and only in specimens fixed with formaldehyde. Reactivity appeared localized to the strial marginal cells in gerbil coch-lea (Figures 2 and 3) . Affinity for MM-CK antiserum was especially strong in formic acid-decalcified cochleas fixed with zinc formalin. Results were better with the antiserum to dog CK in mouse cochlea and better with antiserum to human CK in the gerbil cochlea.
Dark cells in the mouse (Figure 4 ) and gerbil (Figure 5 ) vestibular system showed binding of antiserum to MM-CK. The reactivity in murine dark cells was sustained at higher antiserum dilutions than was that in strial marginal cells. Antiserum to both human and canine MM-CK bound to the dark cells. MM-CK was detected also in the transitional cells bordering the maculae in the gerbils' vestibular system ( Figure 6 ).
Deiters' cells in mice and gerbils bound the antiserum to human and canine MM-CK. The cells stained most intensely after Carnoy fixation (Figure 7) and were negative in formalin-fixed specimens that were decalcified with formic acid (Figure 2) . The staining appeared diffuse throughout the cytosol and was somewhat stronger in the apical region, extending into the apical phalangeal processes. Striations in fibers in the tensor tympani muscle also bound the antiserum to MM-CK avidly (Figure 2 ).
Creatine Kinase BB
Deiters' cells in mouse (Figures 8 and 9 ) and gerbil ( Figure 10 ) cochlea stained intensely with the two antisera against BB-CK. The cytosolic distribution of the enzyme resembled that of MM-CK.
Inner phalangeal cells were also positive for BB-CK , in contrast to their failure to stain for MM-CK. The stained cells bordering inner hair cells corresponded with inner phalangeal cells visualized morphologically in toluidine blue-stained epoxy sections of glutaraldehyde-fixed gerbil cochlea (Figure 12 ). The rabbit antiserum to BB-CK reacted intensely with both inner and outer phalangeal cells, whereas the goat antiserum bound strongly to the inner and less well to the outer phalangeal cells.
Inner hair cells in both species evidenced affinity for the rabbit antiserum to BB-CK but showed weaker binding than Deiters' cells. Although strongly colored at a 1:lOOO antiserum dilution ( Figure  13 ), the murine hair cells were faintly positive to negative with higher dilutions (Figure 9) , which at 1:3000 continued to stain Deiters' cells. Fibrocytes, as described elsewhere (Spicer and Schulte, submitted for publication), and ganglion cells and axons (Figures 8  and 10 ) were the only other sites of BB-CK reactivity in the cochlea. Control sections exposed to non-immune serum in place of the primary immune serum or to the immunocytochemical procedure minus the primary antiserum lacked staining in strial, phalangeal, and hair cells in cochlea and in dark and transitional cells in the vestibular system. Moreover, failure of one or another of these sites to stain in sections examined for other antigens, such as carbonic anhydrase isozymes I1 and 111 (Spicer and Schulte, submitted for publication) and vimentin (Schulte and Adams, 1989) , provided additional cytochemical evidence against a false positive.
Discussion
In an effort to document the specificity of commercially obtained antisera, products from different sources were tested. Staining of strial marginal cells with antisera from two sources (Ventrex and Research Plus) supported the specificity of the immunostaining for MM-CK. However, the stria in mice stained better with antiserum to dog MM-CK and that in gerbil appeared more reactive with anti-human MM-CK, possibly on the basis of differences in the enzyme between genera. Notably, immunoreactivity for MM-CK in stria occurred only in formalin-fixed specimens and in gerbil cochlea was stronger after formic acid compared with EDTA decalcification, whereas BB-CK immunostaining was optimal in Carnoyfixed tissues. Testing a variety of preparatory procedures helped to offer an approach for avoiding a false negative with the cytochemical procedure.
The presence of BB-CK in inner phalangeal cells was documented by their staining with sera from two sources. However, reactivity was relatively light in Deiters' cells with one of the sera (Intemational Enzymes), suggesting that the enzyme is not entirely identical in the inner and outer phalangeal cells.
Specificity of the antisera employed here was tested also by comparison of their reactivities in various mouse organs with previously published data. Antisera specificity was affirmed by agreement between the staining for CK observed here in mice and that previously reported in human, as, for example, BB-CK in gastric parietal cells, parotid ducts, skeletal and smooth muscle, and neurons (Wold et al., 1981) . However, some human sites reported positive for BB-CK, such as renal tubules and bronchial epithelium, were negative in the present examination of mice, possibly because of metabolic differences or differences in the organ-specific distribution of CK isoforms between genera. Mouse retina exhibited strong affinity for antiserum to BB-CK as formerly reported for chicken retina (Walliman et al., 1986) but, in contrast to the latter, the moae retina showed stronger immunoreactivity in the two plexiform layers than in photoreceptor cells. Anti-MM-CK serum employed here stained both skeletal and smooth muscle and notably displayed greater affinity for smooth muscle in lung than for that in stomach, intestine, and urinary bladder.
The CK in skeletal muscle, as noted above, enhances availability of ATP, thereby facilitating myosin ATPase activity and actomyosin contraction on the one hand and Ca-ATPase and Na,K-ATPase and ion transport on the other. Immunocytochemical demonstration of CK in distal renal tubules and gastric parietal cells (Wold et al., 1981) adds to the evidence for contribution of CK to ion transport, since resorption of Na' by renal cells and secretion of H+ by parietal cells depend on an Na,K-ATPase and a K,H-ATPase, respectively. The present demonstration of CK in strial marginal cells and vestibular dark and transitional cells contributes further examples of apparent coupling between CK and Na,K-ATPase activity. These cell types concentrate K+ in endolymph against a gradient and depend for such ion transport on ouabain-sensitive basolateral Na,K-ATPase. Creatine kinase presumably functions in strial marginal cells and dark cells like the muscle CK that is coupled to a ouabain-sensitive ATPase (Saks et al., 1977) . The intracellular distribution of the MM-CK in suial cells possibly coincides with that of the Na,K-ATPase which has been localized ultrastructurally to the basolateral plasmalemma (Iwano et al., 1989; Kerr et al., 1982) . The present light microscopic observations are consistent with but not sufficiently precise to prove such concurrent distribution.
A notable finding from this study concerned the abundance of BB-CK and MM-CK in Deiters' cells and of BB-CK in inner phalangeal cells. The outer phalangeal (Deiters') cells and inner phalangeal cells lie beneath and partly border outer and inner hair cells, respectively, and are thought to support the hair cells and stabilize their movement. Content of an enzyme involved like CK in energy transfer, however, raises the question of whether the phalangeal cells perform a more energetic role than simple mechanical support. The upper portion of the Deiters' cell at or above the nucleus reveals in electron micrographs the abundant mitochondria essential to CK activity in the cell, further documenting a high level of energy utilization by this cell type. The work performed seems unrelated to contractility or extensive mauomolecular secretion, since the phalangeal cells fail to evidence contractile proteins cytochemically and lack both actin-like filaments and abundant stored secretion in electron micrographs. Ion transport activity could explain their energy consumption, but the phalangeal cells are not immunopositive for Na,K-ATPase. Possibly they contain an as yet undetected ATPase related to ion transport.
Electrophysiological measurements obtained from intracellular recordings provided evidence against electrotonic coupling between hair cells and the Deiters' and Hensen's support cells (Oesterle and Dallos, 1989) . This finding can be viewed as consistent with the apparent absence of gap junctions between hair cells and support cells. The data suggested rather that sound-induced receptor response current arises independently in the support cells ensuing from the hair cell-generated currents. Content of CK in Deiters' and inner phalangeal cells implicata these cells in energy-consuming activity possibly related to generation of the sound-induced response currents. Gap junctions between Deiters', Hensen's, and Claudius cells would then mediate electrical conductance and ion fluxes down this conduit to the spiral ligament. Uptake by support cells of K+ effluxing from hair cells has been considered analogous to clearance by glial cells of K' released through nerve action (Oesterle and Dallos, 1989) .
Content of CK in Deiters' cells and stria vascularis accords well with the known high content of creatine phosphate and ATP in the organ of Corti and the stria (Thalmann et al., 1972) . The present findings indicate that the phalangeal cells account largely for the creatine phosphate in the organ of Corti. The chemical analy- sis, however, showed a decreasing concentration of creatine phosphate from basal to apical turns, whereas immunostaining in the present inquiry yielded no evidence of a base-to-apex gradient. Such an apparent discrepancy is a possible reflection of the imprecise quantitation achieved with the immunocytochemical method. Reserves of high-energy phosphate, on the other hand, could fluctuate independently of the amount of generating enzyme in relation to the energy consumption by the cell.
Domesticus mice of the C57B116 strain used here suffer significant impairment of high-frequency hearing at 6 months (Willott, 1983) . These mice at 100 days of age show increased auditory nerve isoelectric thresholds above 15 kHz unaccompanied by loss of hair cells (Henry and Chole, 1980) . Some variability in CK immunostaining of Deiters' cells was encountered within a cochlea and between mice. However, additional inquiry in more mice over a wide age range would be required to determine whether intensity of CK immunoreactivity of Deiters' cells bears a relationship to auditory nerve isoelectric threshold.
The presence of BB-CK peptides in inner hair cells, although at a level below that in neighboring Deiters' cells, finds a counterpart in the occurrence of this enzyme in retinal photoreceptor cells (Walliman et al., 1986) . Content of BB-CK in auditory and visual receptor cells indicates that transduction of both mechanical and light energy depends on ATPase(s) whose substrates are maintained by CK.
